Using an intense source of far -infrared radiation, the absorption spectrum of liquid water is measured at a temperature ranging from 269 to 323 K. In the infrared spectrum we observe modes that are related to the local structure of liquid water. Here we present a FIR measured spectrum that is sensitive to the low frequency (< 100cm -1 ) microscopic details that exist in liquid water.
Introduction
FIR spectroscopy is an experimental method that has been around for some time, but it is the recent existence of intense sources of far infrared radiation that has lead to its reemergence as an important tool for investigating the low frequency dynamics and local structure of complex liquids such as water. The SUNSHINE (Stanford University Short Intense Electron Source) facility at Stanford University is an example of a new generation source of FIR [1, 2] . Producing coherent far infrared radiation with an energy of ~100 nJ per micro-pulse, the radiance greatly exceeds that of most blackbody or synchrotron radiation source and possibly offers information about low frequency intermolecular motions in liquids that has not been available from conventional sources.
Therefore in this letter we will draw upon recent information gained from the results of other experimental techniques, with the aim of interpreting the absorption spectrum of water obtained from our own source of unique, very intense FIR.
In the last several years there has been a steady increase in the number of experimental methods that are capable of probing detailed characteristics related to the structural and dynamical properties of liquid water. These experiments are unique in the sense that they are just beginning to penetrate areas of investigation that have previously only been accessible through theoretical study and computer simulation. The information gained from these recent experiments has been indispensable in elucidating some of the complex interactions occurring in liquid water. In some cases, the results from these studies have been useful in confirming and even expanding on some of the ideas that had already been developed through more theoretical investigation. In other instances, they have lead to a constructive reconsideration about some of the more established ideas that have been associated with the properties of water.
Inelastic X-ray Scattering (IXS), Depolarized Raman, Mid Infrared, and THz spectroscopy are examples of experimental methods that are capable of probing the dynamics in liquid water. The dynamical properties of water are determined by both a fluctuating network of hydrogen bonds as well as by intermolecular interactions occurring between individual water molecules. Consequently, a precise interpretation of the underlying dynamics occurring in the liquid can be quite elusive regardless of the method used to study it. FIR spectroscopy does not differ in this respect. The low frequency absorption spectrum consists of contributions from both permanent dipole moments in the system as well as from dipole induced dipole contributions that result from interactions between neighboring molecules. It is this aspect of FIR spectroscopy, the relationship between the dipole dynamics of the system to oscillations of stable structures within the same system that makes it a useful tool for monitoring motions and changes taking place about a reference molecule and its extended environment.
Experimental Methods
An electron beam pulse composed of a string of about 3000 equidistant 120 fsrms bunches every 350 ps is produced at SUNSHINE. As the beam passes through a thin Al foil, far infrared Transition radiation is produced in the form of a Fourier transform limited radiation pulse of equal time structure. The spectral range is determined by the Fourier transform of the particle distribution and extends from 5cm The ab initio molecular dynamic simulation is performed using the Car Parrinello method and the CPMD program [4] . Semi-local norm-conserving Martins-Troullier pseudopotentials are used for the core-valence interactions with a plane wave cut-off of 70 Ry and a gradient-corrected BLYP density functional [5, 6] . The pseudopotential cutoff radii for O and H are 1.11 and 0.50 respectively. The fictitious mass associated with the plane wave coefficients is chosen to be 900 a.u., and the time step used to integrate the equations of motion is 0.120 fs. The system consists of a cubic box of 32 water molecules with periodic boundary conditions under ambient conditions and at experimental density. The infrared absorption coefficient is calculated using the dipole correlation function from the simulation and the following equation:
where α(ν) is the frequency dependent absorption coefficient, n(ν) is the frequency dependent refractive index, β=1/k b T and k b is Boltzmann's constant, V is the volume, T is the temperature, c is the speed of light in vacuum, and M is the total dipole moment obtained from the 6 ps simulation. Quantum corrections are taken into account only by the tanh(βν)/2 factor in Equation (1) in the > 300 cm -1 spectral region. A more detailed treatment, as suggested by Guillot [7, 35] , has been employed in the ≤ 300 cm -1 region.
Results and Discussion
An absorption mode around 45 -50 cm -1 has been identified in Raman [8] [9] [10] and questionably in IR [3, 11] spectroscopic experiments on water. Recent IXS experiments [12, 13] has also been identified in low frequency Raman experiments [14] . The origin of this mode has been attributed to a secondary, weaker hydrogen-bonding environment that exists in liquid water that differs from the tetrahedral bonding arrangement that one would expect in hexagonal ice (I h ). With a noticeable increase in the strength of this band with increasing temperature, it has been suggested that this mode might be related to structural changes occurring within the hydrogen bond network in the liquid.
Experimental support for a heterogeneous mixture of hydrogen bonding types in liquid water has also been found using other experimental techniques. Femtosecond time resolved IR experiments [15] , probing the orientational dynamics of the O-H stretching band in liquid water, have uncovered two distinct hydrogen bonding types in water: a weakly hydrogen bonded species associated with a fast relaxation time and a strongly bonded species with a much slower relaxation time. Subsequent THz dielectric response measurements [16] have also been consistent with a two-component structural model of water. In both of these studies, the underlying mechanism of the second relaxation process has been ascribed to a molecular relaxation associated with structural rearrangement within the weakly hydrogen bonded component.
In our temperature study of liquid water we find prominent absorption bands at 40, 55, 65, 80, and 90cm -1 at 269 K ( Figure 1 ). As the temperature increases, the 40cm -1 band transforms into a barely discernable shoulder in the room temperature absorption spectrum. This mode disappears completely from the absorption spectrum above 298 K.
Perhaps the most interesting trend in the temperature dependent absorption spectrum is the 55cm -1 mode found at 269 K. In the room temperature spectrum it is slightly red shifted in comparison to that of the supercooled liquid and appears at 49cm -1 . Above 298 K (Figure 2 ), this band remains at the same frequency but grows in intensity with an increase in temperature. The modes at 65, 80, and 90cm -1 at 269 K all move to lower frequency as the temperature is increased. In addition to the 49cm -1 mode, they are observed as a very broad peak centered about 70cm -1 in the 323 K spectrum.
In Figure 3 we find that our measured absorption spectrum of room temperature liquid water differs by as much as 40% when compared to the values reported in Reference 11 and in References 31 and 32. These differences are most apparent in the regions where we also find well resolved absorption bands in the water spectrum.
Measurements have also been carried out on the absorption spectrum of the silicon window used in the experiments. We do not find significant absorption from the window in the region of the spectrum being investigated in this study; therefore, it seems unlikely that the absorption bands in our water spectra originate from the window.
Using a molecular dynamics simulation to study a model system of water, Errington and Debenedetti established a relationship between the translational order and orientational order in liquid water [17] . Their study revealed that these two properties are inherently coupled through H-bonding. The coupling was found to determine both the orientation of individual water molecules as well as their relative separation. In this same work, a plot of the distribution of hydrogen bonding environments revealed a structured and unstructured arrangement of water molecules that have a population distribution dependent on the temperature of the system. The results from this study would also seem to imply that the interaction potential between water molecules is also a variable function of temperature. In our experimental FIR absorption spectrum, we observe a red shift of mode frequencies with an increase in temperature. This trend is consistent with a lengthening or softening of hydrogen bonds in the system [18, 19] .
A more detailed view relating to the local geometric arrangement of water has been emerging from recent X-ray absorption spectroscopy (XAS) experiments [20, 21] .
With XAS it is possible to obtain direct information about the 3-D local coordination of water; such detailed information about the local configuration has not been available from radial distribution function data derived from neutron and X-ray diffraction studies.
Results from these experiments indicate that room temperature water consists of a very unsaturated H-bonding environment. And a large percentage of water molecules in liquid water have free hydrogen bonds. This experimental work supports earlier theoretical studies that suggested that clusters and ring like structures are a dominant topology in room temperature water [22, 23] . Fascinatingly, far infrared vibrational rotational tunneling (VRT) spectroscopy measurements have identified low frequency torsional motions involving the flipping of free hydrogen atoms in isolated water clusters [24, 25] .
These motions are observed in the < 100cm -1 region of the far infrared spectrum. It is interesting to speculate whether these types of intermolecular vibrations might also have a significant contribution in bulk water. Coincidently, we find some IR absorption modes in our experimental spectrum at frequencies similar to those reported in VRT spectroscopy studies. It is difficult to speculate about their origin, but these modes are seemingly not correlated with motions (torsions or bending) of molecules with the predicted symmetry of water in an "ice-like" or tetrahedral configuration [26, 27] .
To gain a deeper understanding about the microscopic dipole dynamics occurring in our experimental system, we have also used a density functional theory (DFT) based ab initio MD method to study room temperature liquid water. Previous DFT based studies have successfully reproduced the IR absorption spectrum of water [28, 29] . We have implemented this method in an attempt to avoid some of the difficulties associated with approximations of the electronic part of the polarization that are commonly used in empirical models. Using the total dipole moment obtained from the ab initio MD trajectory, a plot of the calculated IR absorption spectrum of the water system is shown in Figure 4 . The O-H intermolecular stretching mode, found at about 180cm -1 experimentally (at 298 K) [30, 3] , is observed at about 200cm -1 in the calculated spectrum. The liquid water librational mode and the bending mode are also found in the first principles spectrum at about 630cm -1 and 1650cm -1 respectively.
Although there is less intensity in the < 100cm -1 region of the computed absorption spectrum, this region also provides information about intermolecular interactions occurring in the liquid water system. Furthermore, it coincides with the spectral region that we are able to access in our experimental FIR measurements;
therefore, it will be considered in greater detail. In Figure 5b the total dipole spectrum from the simulation in the 10 -100cm -1 region is shown. For this analysis, the spectrum has been separated into components relating to the water molecule principal axes to aid in the interpretation of the low frequency peaks found in the absorption spectrum. In the < 100 cm -1 region, there is a broad intermolecular peak centered at about 65cm -¹. Based on its correlation with motions involving both the x and z components of the molecular axis, it is probable that the 65 cm -1 peak is associated with a torsional motion occurring in the water network. In the direction representing motions in the molecular plane (y -axis)
there is a prominent peak at approximately 85 cm -¹ in the computed spectrum. Again considering the molecular geometry of the molecules in the simulation system, this band is most likely related to dynamics taking place in the H -bonding network of the liquid water system. Although less prominent in the absorption spectrum, it is interesting to note that there is also a weak shoulder in the < 60cm -1 region of the CPMD spectrum that is attributed to motions normal to the molecular plane (x -axis). This band is very broad, but peaks at about 40cm -1 in the room temperature absorption spectrum. It is close in frequency to a peak that has been reported in experimental and theoretical studies on ice and supercooled liquid water [33, 34] . And based on its directional contribution in the molecular reference frame, the 40 cm -1 absorption band in the computed spectrum is also consistent with the O···O···O bending assignment of the peak observed in those studies.
In summary, we have used an ultra-intense source of FIR to probe a region of the spectrum that is experimentally difficult to access. In our preliminary results we observe absorption modes that possibly offer new insight into the low frequency IR intermolecular dynamics and microstructure of liquid water. Future research will focus on isotope replacement studies that should be useful in confirming the origin of some of the absorption modes observed in this study. 
